Bartonella vinsonii subspecies berkhoffii is a recently recognized zoonotic pathogen that causes endocarditis, granulomatous rhinitis, and granulomatous lymphadenitis in dogs. Isolation of B. vinsonii (berkhoffii) from blood or tissue samples is frequently unsuccessful; therefore, diagnosis is primarily dependent on serologic or molecular testing modalities. Because previous canine serologic studies have used an indirect immunofluorescence assay (IFA), without Western immunoblot (WI) confirmation, the overall objective of this study was to examine the diagnostic use of WI for confirmation of B. vinsonii (berkhoffii) infection in dogs. To confirm that agar-grown and cell culture-grown organisms yielded similar patterns of WI antigenic protein recognition, the 2 preparations were compared using IFA-reactive sera obtained from dogs experimentally infected with B. vinsonii (berkhoffii). Temporal changes in the pattern of antigenic protein recognition were characterized using sera obtained from dogs at various time points after experimental B. vinsonii (berkhoffii) infection. The specificity of B. vinsonii (berkhoffii) WI was examined by testing canine sera that were reactive to B. henselae, B. clarridgeiae, Ehrlichia canis, Rickettsia rickettsii, Babesia canis, Anaplasma phagocytophilum (previously E. equi), or Brucella canis antigens. Clinical accessions including serum samples obtained from B. vinsonii (berkhoffii) culture-positive dogs and B. vinsonii (berkhoffii) culture-negative dogs that were IFA seroreactive to B. vinsonii (berkhoffii) antigens were examined by WI. The results of this study indicate that WI using agar-grown or cell culture-grown B. vinsonii (berkhoffii) antigens produce identical patterns of antigenic protein recognition. After experimental infection, there is a progressive increase in the number of antigenic proteins that are recognized by WI, with the 33-kD antigen representing the first and the most persistent antigen recognized by B. vinsonii (berkhoffii)-infected dogs. Regarding specificity, sera from dogs that were reactive to various heterologous antigens did not recognize B. vinsonii (berkhoffii) antigens by IFA or WI, and sera from dogs experimentally infected with B. henselae did not recognize B. vinsonii (berkhoffii) antigens by WI. Regarding clinical accessions, there was good agreement between B. vinsonii (berkhoffii) IFA test results and WI analysis. Western immunoblot analysis can be used to detect or confirm exposure to B. vinsonii (berkhoffii) in dogs.
The genus Bartonella is composed of at least 16 species, with mammalian hosts serving as reservoirs for most, if not all, species. 2 Of the 16 distinct species, B. vinsonii subsp. berkhoffii, B. henselae, and B. clarridgeiae have been recently identified as canine pathogens. 1, 3, 6, 10, 13 Bartonella vinsonii (berkhoffii) was isolated from a dog with endocarditis in 1993, 3 and the isolate was designated as B. vinsonii subsp. berkhoffii in 1996 (American Type Culture Collection, type strain 51672). 11 Subsequently, B. henselae DNA was detected in the liver of a dog with peliosis hepatis by polymerase chain reaction (PCR) amplification followed by DNA sequencing. 10 Recently, B. clarridgeiae has been documented as a cause of endocarditis in a dog. 6 Therefore, although B. vinsonii (berkhoffii) ap-From the Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State University, Raleigh, NC 27606 (Breitschwerdt, Hegarty) , the Faculty of Veterinary Medicine, Khon Kaen University, Khon Kaen 40002, Thailand (Suksawat) , and the School of Veterinary Medicine, University of California-Davis, Davis, CA 95616 (Chomel) . pears to be the most frequent canine Bartonella spp. pathogen, B. henselae and B. clarridgeiae also cause disease manifestations in dogs.
A seroepidemiologic survey identified tick exposure as a major risk factor associated with the presence of B. vinsonii (berkhoffii) antibodies. 14 Of 1 ,920 sick dogs from North Carolina and Virginia, 3.6% were immunofluorescence assay (IFA) reactive to B. vinsonii (berkhoffii) antigens. When a collection of sera that were known to be IFA seroreactive to Ehrlichia canis antigens was tested, 36% were found to be IFA reactive to B. vinsonii (berkhoffii) antigens. 14 4 Bartonella vinsonii (berkhoffii) has also been isolated from wild coyotes (Canis latrans) from Santa Clara County, CA. 5 The PCR/restriction fragment length polymorphism profiles of the citrate synthase and 16S ribosomal RNA genes from coyotes and domestic dog isolates are identical. 4, 11 Isolation of B. vinsonii (berkhoffii) from a man with endocarditis indicates that the organism can be a zoonotic pathogen. 15 However, the mechanism by which B. vinsonii (berkhoffii) can be transmitted to humans has not yet been determined. In addition to endocarditis, granulomatous lymphadenitis and granulomatous rhinitis have been identified on a serologic and molecular basis in dogs infected with B. vinsonii (berkhoffii). 13 Currently, IFA is the most widely used serodiagnostic test for detection of Bartonella infections in dogs. 9, 14 Using Western immunoblot (WI) analysis, B. henselae immunodominant antigens have been characterized in cats and humans, 7,12 but currently, there are no published studies using WI analysis for confirming B. vinsonii (berkhoffii) exposure in dogs. Therefore, the overall objective of this study was to characterize the patterns of antigenic protein recognition by WI, using B. vinsonii (berkhoffii)-IFA-reactive sera obtained from experimentally or naturally infected dogs. To address this objective, 1) WI patterns using agar-grown or cell culture-grown B. vinsonii (berkhoffii) were compared; 2) temporal changes in antigenic protein recognition were determined using sera obtained from dogs at various time points after experimental B. vinsonii (berkhoffii) infection; 3) the specificity of B. vinsonii (berkhoffii) WI was examined by testing sera IFA reactive to B. henselae, B. clarridgeiae, E. canis, Rickettsia rickettsii, Brucella canis, Babesia canis, or Anaplasma phagocytophilum; and 4) clinical accessions were tested, including serum samples obtained from B. vinsonii (berkhoffii) culture-positive dogs and B. vinsonii (berkhoffii) culture-negative dogs that were IFA seroreactive to B. vinsonii (berkhoffii) antigens by WI.
Materials and methods

Antigen preparation
The type strain (ATCC 51672) of B. vinsonii (berkhoffii) was used exclusively for this study. 11 Antigens were prepared by 2 methods. Antigens from agar-grown cultures were prepared as described previously, 11 with modification. Bartonella vinsonii (berkhoffii) was grown on 5% rabbit blood trypticase soy agar in 5% CO 2 at 37 C. Then, the agargrown subcultures (5-7 days old) were scraped from plates into phosphate-buffered saline (PBS), sonicated for 90 sec, and centrifuged at 10,000 ϫ g for 10 min. Whole-cell lysates of B. vinsonii (berkhoffii) were prepared by resuspending the bacterial pellet in distilled water. Antigen from Vero cell culture-grown B. vinsonii (berkhoffii) was prepared as described previously for Ehrlichia sp. 8, 16 When 90-100% of the cells were infected with B. vinsonii (berkhoffii), cells were pooled, lysed, and purified by centrifugation through a 20:30:40% sucrose gradient, after which the protein concentration of the pellet was determined. The pellet was stored at Ϫ70 C until used. Bartonella vinsonii (berkhoffii) dilutions were made in final sample buffer (0.062 M Tris-HCl, 5% 2mercaptoethanol, 10% glycerol, 2% sodium dodecyl sulfate [SDS], 0.01% bromophenol blue), loaded, and electrophoresed through 12.5% SDS-polyacrylamide nongradient minigels. Uninfected Vero cell lysates were used as negative control antigens. Separated proteins were electrotransferred onto 0.45-m nitrocellulose membranes at 100 V s for 1 hr.
Immunoblot staining
Staining was performed by a standard method with modification. 8 Antigens electroblotted onto nitrocellulose membranes were blocked for 1 hr in blocking buffer (PBS with 0.05% Tween 20, 0.5% nonfat dry milk, and 1% normal goat serum). Membranes were then washed with PBS with 0.05% Tween 20 (T-20/PBS) for 10 min. Sera were diluted 1:100 in blocking buffer and incubated with nitrocellulose membranes for 1 hr at room temperature with agitation. Positive and negative controls were included in each analysis. Unbound antibody was removed by 3 rapid washes of 30-40 shakings, followed by washes of 2 ϫ 30 min in T-20/PBS. The membranes were then incubated with peroxidase-conjugated goat anti-dog IgG a at a 1:400 dilution in blocking buffer for 1 hr at room temperature with agitation. Unbound peroxidase was removed by washing in PBS as above but without Tween 20. The peroxidase reaction was detected using the color substrate 4-chloro-1-naphthol. For each immunoblot, sera from dogs experimentally infected with B. vinsonii (berkhoffii) were used as positive controls, and pooled sera from specific pathogen-free B. vinsonii (berkhoffii) seronegative dogs were used as negative controls.
Sample selection for WI testing
Comparison of agar-grown and cell culture-grown B. vinsonii (berkhoffii). Antigens derived from agar-grown or cell culture-grown B. vinsonii (berkhoffii) were tested at different dilutions to find an optimal antigen dilution as determined by immunostaining, using a high-titer sera obtained from a naturally infected dog. Cell culture-grown B. vinsonii (berkhoffii) antigens, at a concentration of 0.7 g/l, were loaded at 10 l/well. Because of the difficulty in measuring the concentration of agar-grown antigens, preparations were diluted and loaded onto the gel to obtain the same color intensity as that obtained with cell culture-grown B. vinsonii (berkhoffii) antigens.
Determination of B. vinsonii (berkhoffii) WI patterns using IFA high-titered sera from experimentally infected dogs. Once optimal antigen concentrations were determined for each antigen preparation, immunodominant proteins were characterized by testing each antigen preparation with 3 high-titered IFA-reactive sera from experimentally infected dogs (dogs 1, 2, and 3). One sample had a reciprocal titer of 4,096, and 2 samples had reciprocal titers of Ͼ8,192. Using agar-grown bacterial antigens, temporal changes in immunodominant protein recognition were determined by using sera collected from 2 dogs (dogs 4 and 5) on postinoculation days (PIDs) 0, 18, 72, and 171, after experimental infection with B. vinsonii (berkhoffii). , Brucella canis-experimentally infected dogs (n ϭ 5), and Brucella canis-naturally infected dogs (n ϭ 2). Because A. phagocytophilium-, B. clarridgeiae-, and Babesia canis-experimentally infected sera were not available in our laboratory, sera from naturally infected dogs that were PCR positive for the respective organism were tested.
Western immunoblot of B. vinsonii (berkhoffii)-naturally infected dogs. Immunodominant protein patterns from B. vinsonii (berkhoffii)-experimentally infected dogs were compared with patterns obtained from blood culture-confirmed, B. vinsonii (berkhoffii)-naturally infected dogs (n ϭ 2), B. vinsonii (berkhoffii)-seroreactive coyotes (n ϭ 5, reciprocal IFA titers 32 to 256, 4/5 culture positive), and B. vinsonii (berkhoffii)-IFA-seroreactive, culture-negative clinical accessions (n ϭ 7).
Data analysis
The migration distance of bands on the nitrocellulose paper was measured in millimeters and compared with prestained color molecular weight markers. b Individually colored marker proteins simplified molecular weight determinations, although color markers were not optimal for illustrative purposes in the black and white figures in the manuscript. Size estimates of Bartonella immunogenic pro-teins (in kD) were obtained by computer analysis, using the Seqaid II program. c
Results
Comparison of agar-grown and cell culture-grown B. vinsonii (berkhoffii). Both agar-grown and cell culture-grown B. vinsonii (berkhoffii) antigens produced identical patterns of antigenic protein recognition (Fig.  1) . By dilution studies, agar-grown antigens at a 1:20 stock dilution appeared optimal, whereas for cell culture-grown antigens a 1:2 dilution was considered optimal. A positive control serum, obtained from a naturally infected dog from which B. vinsonii (berkhoffii) was cultured, detected a substantial number of proteins (Ͼ24 bands), of which 7 bands at 19, 21, 30, 33, 42, 56, and 76 kD were identified as possible immunodominant bands (Fig. 1) . The most prominent immunodominant bands were observed at 33, 42, and 76 kD. Bartonella vinsonii (berkhoffii)-reactive sera did not recognize uninfected Vero cell lysate antigens, which were examined at the same concentration as cell culture-grown B. vinsonii (berkhoffii) antigens. Bartonella vinsonii (berkhoffii) high-titer sera from 3 experimentally infected dogs (dogs 1, 2, and 3) were used to assess the comparative intensity of serologic recognition of B. vinsonii (berkhoffii) antigens as well as the reactivity patterns obtained with the 2 different antigen preparation methods. Each serum recognized the same immunoreactive antigens, regardless of the method of antigen preparation, including 19-, 33-, 42-, 56-, and 76-kD proteins (Fig. 2) . Immunodominant bands were observed at 33 and 76 kD: because the antigenic patterns obtained with both agar-grown and culture-grown B. vinsonii (berkhoffii) were identical and because agar-grown antigens require fewer preparatory steps, agar-grown antigens were used for the remainder of this study. Using agar-grown antigens, sera collected on PIDs 0, 18, 72, and 171 from 2 dogs experimentally infected with B. vinsonii (berkhoffii) were used to assess changes in the intensity and the pattern of antigenic protein recognition over time. Sera collected from dogs 4 and 5 on PID 0 did not recognize B. vinsonii (berkhoffii) proteins. On PIDs 18 and 72, serum from dog 4 (reciprocal IFA titers of 4,096 and 1,024, respectively) recognized B. vinsonii (berkhoffii) immunoreactive antigens with molecular weights of 33, 42, 56, and 76 kD, and serum from dog 5 (reciprocal titers at 2,048 and 256) recognized 33-kD antigens. On PID 171, serum from dog 4 (reciprocal titer of 512) recognized 33-and 42-kD antigens with a faint 56-kD band, whereas serum from dog 5 (reciprocal titer at 128) produced only a faint 33-kD band. Because sera from both dogs consistently produced a 33-kD immunodominant band on PIDs 18, 72, and 171, the 33-kD antigens appear to be the most immunogenic.
Bartonella vinsonii (berkhoffii) WI specificity. To evaluate the specificity of B. vinsonii (berkhoffii) WI, sera IFA reactive to B. henselae type-II (n ϭ 3), B. clarridgeiae (n ϭ 1), E. canis (n ϭ 3), A. phagocytophilium (n ϭ 3), R. rickettsii (n ϭ 3), Babesia canis (n ϭ 3), and Brucella canis (n ϭ 2) were tested. With the exception of 1 A. phagocytophilium-reactive serum sample and 1 Brucella canis-reactive serum sample, none of these sera produced any bands when reacted against B. vinsonii (berkhoffii) antigens. The A. phagocytophilium-reactive serum recognized a 50-kD antigen, and the Brucella canis-reactive serum sample recognized 7-, 19-, and 76-kD B. vinsonii (berkhoffii) antigens. Sera from dogs experimentally infected with B. henselae or naturally infected with B. clarridgeiae did not recognize B. vinsonii (berkhoffii) antigens.
Western immunoblot of B. vinsonii (berkhoffii)-naturally infected dogs. Immunofluorescence assay-reactive sera from 2 naturally infected, B. vinsonii (berkhoffii) culture-positive dogs, 7 B. vinsonii (berkhoffii)-IFA-reactive, culture-negative clinical accessions, and 5 naturally infected coyotes were tested by WI to compare the patterns of immunoreactivity with those obtained with experimentally infected dog sera. Naturally infected dogs recognized the same antigenic proteins, but to varying degrees. All 9 dog sera and all 5 coyote sera recognized B. vinsonii (berkhoffii) immunodominant bands at 33, 56, and 76 kD.
Discussion
This study describes the WI response of dogs and coyotes to B. vinsonii (berkhoffii) immunoreactive an-tigens. There are 3 fundamental culture methods available for growing Bartonella spp., i.e., direct plating (agar grown), broth-based culture, and tissue culture. 17 In most laboratories, agar-grown or cell culture-grown methods are most frequently used to grow Bartonella organisms for the purpose of antigen preparation. In this study, B. vinsonii (berkhoffii) antigens grown using both systems yielded identical immunoblot profiles when tested with high-titer B. vinsonii (berkhoffii) homologous sera, suggesting that both preparations contain the same antigenic components. A postmortem electron microscopic study of B. vinsonii (berkhoffii) organisms in the aortic valve of the sentinel dog with endocarditis identified a prominent outer glycocalyx layer, which was not present on the agar-grown organisms isolated from the dog's blood. 3 Because cell culture-grown B. vinsonii (berkhoffii) might acquire a glycocalyx layer, similar to the organisms natural growth characteristics within heart valve cells, antigens prepared from the 2 culture systems might result in different patterns of antigenic protein recognition. Either the glycocalyx layer does not develop with cell culture-grown B. vinsonii (berkhoffii), potentially because of the lack of a host immune response or the lack of antibiotics in the cell culture system, or if the glycocalyx is present in cell culture-grown B. vinsonii (berkhoffii), the identical immunoblot results obtained in our comparative study may be due to dissolution of the glycocalyx during one of the several antigen preparatory steps. Regardless, either antigen preparation method provides comparable WI results.
Based on the results of this study, application of SDS-polyacrylamide gel electrophoresis and WI analysis indicates that 33-, 42-, 56-, and 76-kD protein antigens are immunodominant and are recognized by most B. vinsonii (berkhoffii)-IFA-reactive sera. The 19-and 21-kD proteins were generally the lowest molecular weight proteins recognized by B. vinsonii (berkhoffii)-reactive sera, although a few faint protein bands between 7 and 17 kD were inconsistently recognized. As all 9 sera from B. vinsonii (berkhoffii)naturally infected dogs recognized immunodominant bands at 33, 56, and 76 kD, detection of these 3 bands would represent the minimal immunoblot criterion for diagnosis of B. vinsonii (berkhoffii) infection in dogs. Although the duration of Bartonella infection after vector transmission in nature has not been established, dogs presumably develop chronic intravascular infections that can ultimately result in insidious debilitating illnesses. 1, 3, 6, 13 At times, chronic illness is accompanied by acute life-threatening decompensation due to endocarditis or myocarditis. 1, 3, 6 In experimentally infected dogs, the 33-kD band was detected by PID 18 and recognition persisted in serum obtained on PIDs 72 and 171.
In a recent study, cat sera recognized 6 B. henselae immunodominant antigens (7.0, 8.0, 11.3, 13.3, 15.0, and 16.9/18.0 kD), which were proposed as the criterion for defining a B. henselae-reactive sera. 7 Based on the findings from this study, dogs infected with cat Bartonella strains (B. henselae and B. clarridgeiae) will not recognize B. vinsonii (berkhoffii) antigens, suggesting that these Bartonella spp. do not share similar immunodominant antigens. Because B. henselae and B. clarridgeiae have been recently identified as potential canine pathogens, future studies should investigate the diagnostic use of IFA and WI for confirming infection with these organisms.
Infection with E. canis, A. phagocytophilium, Brucella canis, and R. rickettsii does not appear to complicate the laboratory interpretation of B. vinsonii (berkhoffii) WI results, although these are related members of the ␣-Proteobacteria. Sera from dogs naturally or experimentally infected with E. canis, R. rickettsii, Babesia canis, or A. phagocytophilium did not recognize any B. vinsonii (berkhoffii) antigens. One A. phagocytophilium-IFA-reactive serum recognized a 50-kD antigen, but this would not adversely influence WI interpretation because it is not an immunodominant B. vinsonii (berkhoffii) antigen. These results are also consistent with a previous study in which B. vinsonii (berkhoffii)-IFA-reactive sera from dogs experimentally infected with R. rickettsii or E. canis did not cross-react with B. vinsonii (berkhoffii) antigens by IFA testing. 14 In selected instances, B. vinsonii (berkhoffii) WI may be more specific than IFA testing. One Brucella canis-reactive serum recognized the 76-kD antigen, but it did not react to the other 3 immunodominant antigens, suggesting that IFA cross-reactivity between B. vinsonii (berkhoffii) and Brucella canis occurs by way of proteins other than the immunodominant 33-, 42-, and 56-kD proteins. It would also appear that the 33-kD antigen may be a potential candidate antigen for use in serodiagnostic assays and could be used to distinguish between Brucella canis and B. vinsonii (berkhoffii) infection.
The results of this study indicate that 1) there are no differences in the pattern of antigenic protein recognition when using agar-grown or cell culture-grown B. vinsonii (berkhoffii); 2) minimal WI criteria for B. vinsonii (berkhoffii) infection in dogs would require serologic recognition of the 33-, 56-, and 76-kD antigens; and 3) dogs infected with B. henselae do not recognize B. vinsonii (berkhoffii) immunodominant antigens. Similar to other members of the genus Bartonella, B. vinsonii (berkhoffii) is extremely difficult to culture from the blood of healthy or sick dogs. Therefore, because of the limitations associated with culture, serology is currently the most useful tool for screening dogs for exposure to or infection with B. vinsonii (berkhoffii).
